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Abstract 22 
 This study was conducted to investigate the effect of external iron status and arsenic 23 
species on chelant-enhanced iron bioavailability and arsenic uptake. Rice seedlings (Oryza sativa 24 
L.) were used as model plant, and were grown in artificially contaminated sandy soils irrigated 25 
with Murashige and Skoog (MS) culture solution. Arsenate uptake in roots shoots of rice seedlings 26 
were affected significantly (p > 0.05) while dimethylarsinic acid (DMAA) was not by the 27 
additional iron and chelating ligand treatments. Regardless of iron concentrations in the soil 28 
solution, HIDS increased arsenic uptake for roots more than EDTA and EDDS. Chelating ligands 29 
and arsenic species also influenced iron uptake in rice roots. Irrespective of arsenic species, HIDS 30 
was found to be more effective in the increase of iron bioavailability and uptake in rice roots 31 
compared to other chelants. There was a significant positive correlation (r = 0.78, p < 0.05) 32 
between arsenate and iron concentrations in the roots of rice seedlings grown with or without 33 
additional iron indicating that arsenate inhibit iron uptake. In contrast, there was no correlation 34 
between iron and DMAA uptake in roots. Poor correlation between iron and arsenic in shoots 35 
indicated that iron uptake in shoots was neither affected by additional iron nor by arsenic species. 36 
Compared to the control, chelating ligands increased iron uptake in shoots of rice seedlings 37 
significantly (p < 0.05). Regardless of additional iron and arsenic species, iron uptake in rice 38 
shoots did not differed among EDTA, EDDS, and HIDS treatments. 39 
 40 
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1. Introduction 44 
Although iron is the most abundant nutrient for plants in the mineral solid phase of soils 45 
(average of 3.8%), its presence in soil solution is extremely low (Lucena, 2006). Iron forms 46 
insoluble ferric hydroxide complexes (Fe-plaque) in the rhizosphere soil at neutral or alkaline pH 47 
(Guerinot and Yi, 1994). The formation of Fe-plaque in the rhizosphere soils, however, causes 48 
iron deficiency and produces visible symptoms of iron chlorosis in plants (Pestana et al., 2003). 49 
Rhizospheric microbes exude siderophores at the root-plaque interface which solubilize ferric 50 
hydroxide in the rhizosphere, render its bioavailability, and plants take up iron by its specific 51 
membrane receptors (Romheld and Marschner, 1986). Synthetic iron chelants have also been used 52 
to increase iron uptake and correct iron chlorosis in plants (Hernandez-Apaolaza et al., 1995; 53 
Pestana et al., 2003; Alvarez-Fernandez et al., 2005; Lucena, 2006). 54 
Arsenic is one of the widespread toxic environmental pollutants which has chronic and 55 
epidemic effects on humans through water and crop contamination reported in Bangladesh 56 
(Hossain, 2006) and West Bengal, India (Chowdhury et al., 2000). Arsenic-contaminated 57 
groundwater has been used extensively to irrigate paddy rice (Oryza sativa L.) in Bangladesh, 58 
particularly during the dry season with 75% of the total cropped area given over to rice cultivation 59 
(Meharg and Jardine, 2003). Background levels of arsenic in rice paddy soils range from 4 to 8 mg 60 
kg-1, which can reach up to 83 mg kg-1 in areas where the crop land has been irrigated with 61 
arsenic-contaminated groundwater (Abedin et al., 2002).  Arsenic-contamination in groundwater 62 
has also been reported in some other countries of South and South-East Asia, which is supposed to 63 
be a threat to sustainable agriculture in this region (Brammer and Ravenscroft, 2009). Increasing 64 
arsenic level in soil leads to elevated arsenic in rice, vegetables and other food crops (Meharg and 65 
Jardine, 2003; Williams et al., 2006). Being rice the staple food, elevated arsenic in rice would be 66 
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a health hazard for the population in this region (Meharg, 2004). Remediation of contaminated soil 67 
is important to prevent arsenic deposition in food crops and its subsequent transfer into the 68 
humans through the food chains. 69 
Phytoremediation, a plant based green technology, becomes a promising environmentally 70 
safe technology for the remediation of environmental pollutants. Solubility and bioavailability is 71 
an essential prerequisite for arsenic phytoremediation (Fitz and Wenzel, 2002), which may be 72 
reduced by adsorption to iron oxides (Pierce and Moore, 1982) and minerals (Goldberg, 2002) at 73 
alkaline pH. Chelant-enhanced phytoremediation of heavy metals has received much attention in 74 
the past (Luo et al., 2005; Meers et al., 2005; Evangelou et al., 2007; Hernández-Allica et al., 75 
2007; Lestan et al., 2008). This technique aims to cleanse polluted soils by solubilizing the toxic 76 
metals, allowing them to be accumulated in plants that would subsequently remove them from the 77 
site.. 78 
Hydroxyiminodisuccinic acid (HIDS), a novel biodegradable chelating ligands, has been 79 
reported to be more effective in increasing iron bioavailability and is expected to be a good choice 80 
and alternative to less biodegradable and high persistent EDTA (Rahman et al., 2008a; Rahman et 81 
al., 2009). The biodegradation rate of HIDS is about 22.4% within 48 h, and it forms complexes 82 
with various kinds of metals ions, especially Fe3+, over a wide rage of pH. It also shows high 83 
stability in harsh conditions and high temperature (80 ºC), and is highly soluble in aqueous 84 
alkaline solution (Rahman et al., 2009). We have been interested in HIDS because of high 85 
degradation rate and high stability constant with Fe3+ (pKaFe3+ = 12.5).  86 
Rice plants take up small amounts of dimethylarsinic acid (DMAA) compared to that of 87 
inorganic species (As(V) and As(III)) (Odanaka et al., 1987; Rahman et al., 2008b). Although the 88 
effect of iron on As(V) uptake in rice has been studied (Liu et al., 2004a; Deng et al., 2010), its 89 
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effect on DMAA uptake in rice hasn’t. Previously, we investigated the iron bioavailability and 90 
arsenate uptake using hydroponic rice (Rahman et al., 2009). Since rice is a wetland plant, studies 91 
with soil culture would provide more useful information than the hydroponic experiment. Results 92 
of both soil and hydroponic studies would be helpful for the justification and understanding of the 93 
facts of the chelating ligands on iron bioavailability in rice. Therefore, the present study was 94 
designed to compare the EDTA, EDDS and HIDS as potential soil amendments for iron and 95 
arsenic bioavailability and uptake in rice (Oryza sativa L.). 96 
 97 
2. Materials and Methods 98 
2.1. Seed sterilization 99 
Rice seeds of BRRI dhan28 were collected from Bangladesh Rice Research Institute 100 
(BRRI), Gazipur, Bangladesh. The seeds were surface-sterilized before using them in the 101 
experiment. For surface sterilization, about 100 g seeds were soaked in 200 mL of 1% methyl-1-102 
butylcarbamoyl-2-benzimidazole carbonate solution for 10 min. Seeds were then washed by 103 
deionized (DI) water (using an E-pure system (Barnstead)) and kept in DI water at 20, 45 and 52 104 
ºC for 24 h, 2 min and 10 min, respectively.  105 
 106 
2.2. Plant growth 107 
Sterilized rice seeds were soaked in DI water for 48 h, and were germinated on pre-108 
sterilized moistened filter paper placed in petri dishes. After 7 d. the germinated seeds produced 109 
enough roots and the shoot was about 2 cm. The seedlings were then transplanted into 50-mL 110 
polystyrene tubes containing 10 g soil. The composition of the soil was- SiO2 (95.5%), Al2O3 111 
(2.3%), Fe2O3 (0.2%), CaO (0.02%), MgO (0.08%). Particle size of the soil was 0.42-0.60 mm 112 
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(24%) and 0.30-0.42 mm (60%). The experimental soil was irrigated with modified Murashige 113 
and Skoog (MS) nutrient solution (Murashige and Skoog, 1962) before transplantation. Phosphate 114 
was not included in modified MS nutrient solution to avoid its competition with arsenate for 115 
uptake transporter in rice roots, and iron concentration in the solution was 0.36 mM. Four 116 
germinated seeds were transplanted in each tube, and the seedlings were allowed to grow for 10 d. 117 
Water levels in the tubes were maintained to 1.5 cm above the soil by irrigating with modified 118 
nutrient solution every 2 d throughout the experiment. The growth of rice seedlings and 119 
subsequent steps of the experiments were performed in a plant growth chamber with conditions of 120 
14:10 h light/dark schedule, 100-125 µE m-2 s-1 light intensity, and 22(±2) ºC. 121 
 122 
2.3. Chemical treatments 123 
Treatments of arsenic, iron, and chelating ligands in the soil solution were applied with the 124 
MS solution. Stock solution of iron, As(V) and DMAA were prepared from FeSO4∙7H2O, 125 
Na2HAsO4·7H2O and (CH3)2AsO(OH), respectively.  126 
Three treatments of iron, arsenic (As(V) or DMAA) and chelating ligands (EDTA, EDDS, 127 
or HIDS) were applied to the experimental soil with the modified MS solution as- i) 2.5 mM 128 
chelating ligand and 0.36 mM additional iron (referred as Fe + EDTA, Fe + EDDS, and Fe + 129 
HIDS); ii) 0.6 µM and 2.5 mM arsenic and chelating ligand, respectively, without additional iron 130 
(referred as As + EDTA, As + EDDS, and As + HIDS); and iii) 0.6 µM arsenic, 2.5 mM chelating 131 
ligands, and 0.36 mM of additional iron (referred as As + Fe + EDTA, As + Fe + EDDS, and As + 132 
Fe + HIDS). One control was also maintained for each of the treatments, and the explanation of 133 
control for each treatment is given in the caption of respective figures. The soil solution pH was 134 
maintained at 6.5 using 0.1 M HCl or KOH. Replicated (three replications of each treatment) 135 
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samples were collected after 10 d of the chemical treatments. Rice seedlings were uprooted by 136 
hand and washed by deionized water for several times to remove send attached to the roots. 137 
 138 
2.4. Chelating ligands and other reagents 139 
Stock solutions of EDTA, EDDS and HIDS were prepared by dissolving ethylenediamine-140 
N,N,N',N'-tetraacetic acid (Dojindo Molecular Technologies, Japan), ethylenediamine-N, N'-141 
disuccinic acid (Chelest corporation, Japan), and tetrasodium 3-hydroxy-2,2’-iminodisuccinate 142 
(Nippon Syokubai, Japan), respectively. Other reagents were of analytical grade or better.  All 143 
solutions were prepared with DI water. 144 
 145 
2.5. CBE-extraction of Fe-plaques 146 
At harvest Fe-plaques from root surfaces were extracted using citrate-bicarbonate-147 
ethylenediaminetetraacetate (CBE)-technique, a modified method of dithionite-citrate-bicarbonate 148 
extraction by Taylor and Crowder (1983) to determine the real amount of iron and arsenic contents 149 
in rice tissues. The CBE solution was prepared from 0.03, 0.125 and 0.050 M of sodium citrate, 150 
sodium bicarbonate, and EDTA, respectively. Roots were treated with 5 mL of CBE solution for 151 
60 min at room temperature. The roots were then rinsed with deionized water for 3 times, and the 152 
rinsed water was added to the CBE-extract to make a total of 10 mL. 153 
 154 
2.6. Samples digestion and preparation for chemical analysis 155 
The roots were rinsed by ID water, and blotted dry with tissue paper. The roots were then 156 
excised at the basal node and separated from shoots. Roots and shoots were then oven dried at 65 157 
ºC for 48 h and dry weights of roots and shoots were measured. The samples were taken into 50-158 
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mL polyethylene digestion tubes, and 3 mL of 65% HNO3 were added and allowed to stand over 159 
night. The samples were heated on a heating block at 95 ºC for 90 min. After cooling to room 160 
temperature, 2 mL of 30% H2O2 were added, and heated again at 105 ºC for 30 min. Then, the 161 
digests were diluted to 10 mL with DI water for arsenic and iron analysis. 162 
 163 
2.7. Chemical analysis 164 
Total arsenic and iron were analyzed in CBE-extract of root surfaces, roots, and shoots of 165 
rice seedlings using Perkin Elmer Zeeman-effect GFAAS (AAnalyst 600) equipped with a 166 
transverse heated graphite atomizer (THGA) (Ajtony et al., 2008). Instrumental and working 167 
conditions for the determination of arsenic and iron by the GFAAS are summarized in Table 1. 168 
For arsenic determination, 10 µL of matrix (5 µg Pd(NO3)2 / 3 µg Mg(NO3)2) was added to 20 µL 169 
of sample in the THGA as modifier. At least one reagent blank and two certified standard 170 
reference material (1573a, tomato leaf from National Institute of Standards and Technology 171 
(NIST), USA) were included in the digestion. Arsenic concentration in certified standard reference 172 
material was 0.112±0.004 µg g-1 d. wt. while the measured concentration was 0.124±0.057 µg g-1 173 
d. wt. All chemical reagents used in this experiment were of analytical grade. Glassware and 174 
dishes were washed with detergent and 5 M HCl solution, and rinsed with deionized water before 175 
use. 176 
 177 
2.8. Data analysis 178 
Data analysis was performed by SPSS 16.0 for windows. The analysis of variance 179 
(ANOVA) for arsenic and iron concentrations in roots and shoots of rice was performed 180 
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using F-statistics. Comparison of means of the treatments was made by Duncan’s Multiple 181 
Range Test (DMRT). Correlation statistics was calculated by T-test. 182 
 183 
3. Results and discussions 184 
3.1. Effect of chelating ligands on arsenic uptake in rice root 185 
Chelating ligands increased arsenate uptake in rice roots while DMAA uptake was not 186 
affected by the ligands. The increase of arsenate uptake by chelating ligands was higher in rice 187 
seedlings grown with additional iron than those grown without additional iron. HIDS was better 188 
for arsenate uptake compared to that of EDDS and EDTA (Figs. 1A, 1B). Previously, Rahman et 189 
al. (2008c) reported that EDTA increased arsenate and arsenite uptake in aquatic macrophyte 190 
(Spirodela polyrhiza L.) significantly while DMAA and monomethylarsonic acid (MMAA) uptake 191 
was not affected by EDTA. Rahman et al. (2008a) also reported that chelating ligands increased 192 
arsenate uptake in roots of hydroponically grown rice and the trend of effectiveness of the ligands 193 
was HIDS > EDTA > EDDS > MGDA ≥ IDS. Results of the present study were in agreement with 194 
the previous reports of Rahman et al. (2008a; 2009) suggesting that the effectiveness of chelating 195 
ligands in the enhancement of arsenic uptake does not differ whether the plant is grown in 196 
hydroponic culture or in soil solution. It is also evident from the results of present and previous 197 
studies (Rahman et al., 2008a; Rahman et al., 2009) that HIDS is more effective for arsenic uptake 198 
in roots from both water and soil compared to that of other synthetic chelating ligands.  199 
Arsenic concentration on rice root surfaces was negatively correlated with the increase of 200 
its concentration in the roots (Rahman et al., 2008a), and arsenate has stronger adsorptive affinity 201 
to iron oxides (Pierce and Moore, 1982) than that of DMAA (Lafferty and Loeppert, 2005). Thus, 202 
increased arsenate uptake in rice roots was the direct effect of chelating ligands, and the increment 203 
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of arsenic uptake by the ligands indicate the effectiveness of respective ligand. Additional iron in 204 
the soil solution increased the amount of iron oxides on rice root surfaces which increased the 205 
physicochemical adsorption of arsenate on and uptake in the roots. 206 
 207 
3.2. Effect of additional iron on arsenic uptake in rice root 208 
DMAA uptake in rice roots was not increased by the additional iron while arsenate uptake 209 
was increased. Arsenate uptake in rice roots was 15-20 times higher than that of DMAA when rice 210 
seedlings were grown without additional iron (Fig. 1A). In contrast, arsenate uptake was 19-28 211 
times higher than that of DMAA when the seedlings were grown with additional iron in the soil 212 
(Fig. 1B). Results indicate that additional iron in the soil solution increased arsenate uptake in rice 213 
roots which might be due to the increased physicochemical adsorption of arsenate on Fe-plaque of 214 
rice root surfaces (Robinson et al., 2006). Previous studies also showed that the uptake of 215 
inorganic arsenic species was much higher than those of methylarsenic species in rice (Odanaka et 216 
al., 1987; Rahman et al., 2008b) and in aquatic macrophytes (Salvinia natans L., Spirodela 217 
polyrhiza L.) (Rahman et al., 2008b; Rahman et al., 2008c).  218 
Arsenate has high binding affinity to iron oxides (iron oxides) (Pierce and Moore, 1982). 219 
Additional iron in the soil solution increased the amount of Fe-plaque on the roots of rice 220 
seedlings, which might facilitate arsenate adsorption on Fe-plaque and uptake in rice roots. 221 
Previous studies also showed that arsenate concentration was positively correlated with the 222 
amount of iron plaque on roots of Typha latifolia (cattail) grown in arsenic contaminated wetland 223 
sediments (Blute et al., 2004) and of aquatic plats Taupo Volcanic Zone and Waikato River, New 224 
Zealand (Robinson et al., 2006). Thus, arsenate is supposed to be incorporated into iron oxides 225 
attached to the surface of the plants. Chen et al. (2005) demonstrated that iron plaques on rice root 226 
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surfaces not only bound arsenic but also promote its uptake by the roots. According to Robinson et 227 
al. (2006) other than the biological mechanisms, physicochemical adsorption of arsenate on the 228 
suspended oxides attached to the roots is an important mechanism for arsenic uptake in aquatic 229 
plants. Results of the present study revealed that adsorption of arsenate on the iron plaques of rice 230 
root surfaces was much higher then that of DMAA. This was because arsenate strongly adsorbed 231 
on iron oxides while DMAA was not appreciably retained by iron oxides (Lafferty and Loeppert, 232 
2005). This phenomenon was also observed by Blute et al. (2004) in roots of wetland plant Typha  233 
latifolia (cattail). Blute et al. (2004) also observed that the ferric plaques cattail roots were 234 
predominantly Fe(III) oxyhydroxide and 80% of the arsenic in it was arsenate. 235 
 236 
3.3. Influence of iron on arsenate and DMAA uptake in rice shoot 237 
Arsenate uptake in rice shoots was significantly (p < 0.01) higher than that of DMAA. 238 
Although arsenate uptake in rice shoots was influenced by chelating ligands and additional iron in 239 
the soil solution, DMAA was influenced neither by chelating ligands nor by additional iron (Figs. 240 
1C, 1D). Arsenate concentrations were higher in shoots of rice seedlings grown without additional 241 
iron (Fig. 1C) compared to those grown with additional iron (Fig. 1D). Results indicate that 242 
arsenate uptake in rice shoots was not affected by its concentrations in roots. Previous studies also 243 
showed that arsenic uptake in rice roots was several orders of magnitude higher than that in other 244 
parts of the plant (Abedin et al., 2002; Wang et al., 2006; Rahman et al., 2009). Results elucidated 245 
that the translocation of arsenic from roots to shoots was limited. This might be because arsenate 246 
is rapidly reduced to arsenite inside the root cells, which has a high affinity to the sulphhydryl (–247 
SH) groups of peptides such as glutathione (GSH) and phytochelatins (PCs) (Zhao et al., 2009). In 248 
vitro studies also showed that GSH and arsenite form a (GS)3-arsenite complex with cysteinyl 249 
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sulphhydryl as the arsenite binding site (Delnomdedieu et al., 1994). Complexation of arsenite 250 
with thiols in roots does not favor transport of arsenic from roots to shoots. Moreover, arsenite is 251 
sequestered into vacuoles of root cells (Zhao et al., 2009). Thus, reduction of arsenate to arsenite 252 
and its subsequent complexation with thiols and vacuolar sequestration in root cells decrease 253 
arsenic translocation to the shoots (Zhao et al., 2009). It has also been suggested that the Fe-plaque 254 
acts as a “buffer” to prevent arsenic translocation from roots to shoots (Liu et al., 2004b). 255 
Results of the present study also revealed that chelating ligands increased arsenate uptake 256 
in shoots. Compared to control and HIDS treatments, EDTA and EDDS increased arsenic uptake 257 
in shoots when the seedlings were grown without additional iron (Fig. 1C). Enhanced uptake of 258 
arsenate in shoots of rice seedlings by chelating ligands has also been reported by Rahman et al. 259 
(2008a; 2009).  260 
 261 
3.4. Effect of chelating ligands, additional iron and arsenic species on iron uptake in rice root 262 
Iron concentrations were determined on root surfaces (CBE-extracts) and in roots of rice 263 
seedlings to investigate the effect of EDTA, EDDS and HIDS as well as the influence of 264 
additional iron and arsenic species on its uptake in rice roots. Regardless of the chelating ligands, 265 
iron uptake was higher in rice roots of seedlings grown with additional iron compared to those 266 
grown without additional iron. In addition, irrespective of the additional iron and arsenic species, 267 
chelating ligands increased iron uptake in rice roots significantly (p < 0.05) compared to the 268 
control treatments (Figs. 2B and 2C). The increase of iron uptake in roots of rice seedlings grown 269 
with different treatments of arsenic, iron and chelating ligands was related to its concentrations in 270 
root surfaces. Correlation analysis showed that iron concentrations in roots were significantly 271 
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positively correlated with its concentrations in CBE-extracts of the root surfaces (Fig. 3). 272 
Therefore, it is evident that the bioavailability and uptake of iron in rice seedlings were increased 273 
by the chelating ligands. Hasegawa et al. (2010) reported that biodegradable chelating ligands 274 
increase iron mobility, bioavailability and uptake in radish Raphanus sativus L.), and the mobility 275 
and bioavailability of iron depends on stability constant and type of the ligand, pH of growth 276 
medium, and ligand exposure time (Hasegawa et al., 2011). Hasegawa et al. (2010; 2011) found 277 
that HIDS was the most effective ligands studied for the mobility and bioavailability of iron which 278 
is in agreement with the results of the present study. 279 
 280 
Increasing iron uptake by chelating ligands can be explained by the adsorption of metal-281 
chelants complexes on the Fe-plaques of rice root surfaces and subsequent dissociation of the Fe-282 
chelant complexes in the soil solution (Nowack et al., 1996; Nowack and Sigg, 1997). For 283 
example, the dissolution of Fe(III) hydroxides by metal-EDTA complexes occurs by ligand-284 
promoted dissolution process which is initiated by the adsorption of metal-EDTA complexes to 285 
the surface and is followed by the dissociation of the complex at the surface and the release of 286 
Fe(III)-EDTA in the solution (Nowack and Sigg, 1997).  Complexation of metals with strong 287 
ligands such as EDTA occurs very often in natural systems. In addition to the complexation, 288 
dissolution of iron oxides in the presence of metal-EDTA complexes have been reported to occur 289 
in the subsurface environments (Davis et al., 1994). Compared to the uncomplexed EDTA, the 290 
dissolution rate is decreased to a great extent if EDTA complexes with metals (Nowack and Sigg, 291 
1997). 292 
Iron uptake in rice roots was also affected by arsenic species. Regardless of the additional 293 
iron in the soil solution, iron uptake in rice roots was much higher when the seedlings were grown 294 
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with DMAA (Figs. 2D, 2E) compared to that with arsenate (Figs. 2B and 2C). Correlation analysis 295 
showed that arsenate and iron concentrations in the roots of rice seedlings grown with or without 296 
additional iron were related significantly (r = 0.78, p < 0.05) while DMAA and iron 297 
concentrations in the roots were not related significant (r = -0.16, p > 0.05) (Figs. 4A, 4C). The 298 
results indicated that iron uptake in rice roots was inhibited by arsenate due to the increased 299 
adsorption of arsenate on iron oxides of root surfaces compared to that of DMAA (Bowell, 1994; 300 
Wilkie and Hering, 1996). 301 
 302 
3.5. Iron uptake in shoots influenced by chelating ligands, additional iron and arsenic species 303 
Iron concentrations in shoots of rice seedlings were about 23-49 times lower than those in 304 
roots. Although iron uptake in the roots of rice seedlings was affected by the additional iron and 305 
arsenic species (Fig. 2), its uptake in shoots was not affected significantly by those factors (Fig. 5). 306 
Correlation analysis also showed that iron concentrations were correlated neither with arsenate nor 307 
with DMAA concentrations in shoots of rice seedlings (Figs. 4B and 4D). Compared to the control 308 
treatment, however, chelating ligands increased iron uptake in shoots of rice seedlings grown with 309 
arsenate significantly (p < 0.05) (Figs. 5B, 5C). In contrast, iron uptake in shoots was not affected 310 
that much when the seedlings were grown with DMAA (Figs. 5D, 5E).  311 
Compared to the roots, lower iron uptake in shoots of hydroponic rice seedlings has been 312 
reported by Rahman et al. (2009). It has been reported that soil-grown plants fail to translocate 313 
iron from the roots to the aerial parts in iron deficient condition, and iron is usually taken up and 314 
used in plant tops once it is made available for transport by the roots (Brown, 1978). But iron 315 
uptake in plant roots depends on its mobility and bioavailability in growing medium (Hasegawa et 316 
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al., 2011), and thus iron uptake in shoots would be related to its availability and concentrations in 317 
roots. Chelating ligands have commonly been used to increase iron bioavailability and uptake and 318 
to correct iron-chlorosis in plants (Lucena, 2003; Alvarez-Fernandez et al., 2005; Lucena, 2006). 319 
In addition to the type of chelating ligands, we found in a recent study (not published) that the 320 
concentration and stability constant of the ligands (logKFeL) would be critical determinants for the 321 
increase or decrease of iron bioavailability and uptake in plant roots. The results of the present 322 
study showed that chelating ligands increase iron uptake in roots as well as in shoots, and HIDS 323 
was found to be more effective in increasing iron uptake in rice roots compared to EDTA and 324 
EDDS. 325 
 326 
4. Conclusion 327 
Chelating ligands increase arsenate uptake in rice roots, and the increment was augmented 328 
by additional iron in the soil. In addition, arsenate uptake in rice shoots was increased by the 329 
ligands in some cases while DMAA was not in any cases. Among the chelating ligands tested, 330 
HIDS increased arsenic uptake in roots. So, the biodegradable HIDS would be a potential ligand 331 
for the enhancement of arsenic uptake by plants during phytoremediation. Chelating ligands also 332 
increased iron uptake both in roots and shoots of rice seedlings. But arsenate inhibits iron uptake 333 
in roots while DMAA does not. In this case, HIDS also found to be more effective for the increase 334 
of iron bioavailability and uptake in roots of rice seedlings in most cases. Thus, HIDS would also 335 
be a good Fe-fertilizer. 336 
Iron is an important nutrient of plants while arsenic is toxic to plants at high concentration 337 
except for hyperaccumulators. Since iron and arsenic, particularly arsenate, have good correlation 338 
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in plant uptake chelant-enhanced bioavailability of iron and arsenic phytoextraction would be 339 
good idea. But if chelating ligands is used for the increase of iron bioavailability to reduce iron-340 
chlorosis in rice plant it can be elucidated from the results of the present study that the ligands not 341 
only increase iron bioavailability, but also increase arsenic uptake in rice. Therefore, fertilization 342 
of iron-chelants in agricultural soils contaminated with high level of arsenic for the increase of 343 
iron uptake in crop plants should be considered carefully. 344 
 345 
Acknowledgements 346 
The authors wish to thank the Japan Society for the Promotion of Science (JSPS) for 347 
financial support by Grants-in-Aid for Scientific Research (20·08343). 348 
 349 
References 350 
Abedin, M.J., Cotter-Howells, J., Meharg, A.A., 2002. Arsenic uptake and accumulation in rice (Oryza 351 
sativa L.) irrigated with contaminated water. Plant Soil 240, 311-319. 352 
Ajtony, Z., Szoboszlai, N., Suskó, E.K., Mezei, P., György, K., Bencs, L., 2008. Direct sample introduction 353 
of wines in graphite furnace atomic absorption spectrometry for the simultaneous determination of 354 
arsenic, cadmium, copper and lead content. Talanta 76, 627-634. 355 
Alvarez-Fernandez, A., Garcia-Marco, S., Lucena, J.J., 2005. Evaluation of synthetic iron(III)-chelates 356 
(EDDHA/Fe3+, EDDHMA/Fe3+ and the novel EDDHSA/Fe3+) to correct iron chlorosis. Eur. J. 357 
Agron. 22, 119-130. 358 
Blute, N.K., Brabander, D.J., Hemond, H.F., Sutton, S.R., Newville, M.G., Rivers, M.L., 2004. Arsenic 359 
sequestration by ferric iron plaque on cattail roots. Environ. Sci. Technol. 38, 6074-6077. 360 
Bowell, R.J., 1994. Sorption of arsenic by iron oxides and oxyhydroxides in soils. Appl. Geochem. 9, 279-361 
286. 362 
Brammer, H., Ravenscroft, P., 2009. Arsenic in groundwater: A threat to sustainable agriculture in South 363 
and South-east Asia. Environ. Int. 35, 647-654. 364 
 17 | P a g e  
 
Brown, J.C., 1978. Mechanism of iron uptake by plants. Plant Cell Environ. 1, 249-257. 365 
Chen, Z., Zhu, Y.G., Liu, W.J., Meharg, A.A., 2005. Direct evidence showing the effect of root surface iron 366 
plaque on arsenite and arsenate uptake into rice (Oryza sativa) roots. New Phytol. 165, 91-97. 367 
Chowdhury, U.K., Biswas, B.K., Chowdhury, T.R., Samanta, G., Mandal, B.K., Basu, G.C., Chanda, C.R., 368 
Lodh, D., Saha, K.C., Mukherjee, S.K., 2000. Groundwater arsenic contamination in Bangladesh 369 
and West Bengal, India. Environ. Health Persp. 108, 393-397. 370 
Davis, J.A., Kent, D.B., Coston, J.A., Friedly, J.C., C., F.C., Anderson, L.D., Hess, K.M., 1994. Metal 371 
transport in groundwater: From microscopic processes to macroscopic observations. Proc. Am. 372 
Chem. Soc. 34, 323-326. 373 
Delnomdedieu, M., Basti, M.M., Otvos, J.D., Thomas, D.J., 1994. Reduction and binding of arsenate and 374 
dimethylarsinate by glutathione: A magnetic resonance study. Chem-Biol. Interact. 90, 139-155. 375 
Deng, D., Wu, S.C., Wu, F.Y., Deng, H., Wong, M.H., 2010. Effects of root anatomy and Fe plaque on 376 
arsenic uptake by rice seedlings grown in solution culture. Environ. Pollut. 158, 2589-2595. 377 
Evangelou, M.W.H., Bauer, U., Ebel, M., Schaeffer, A., 2007. The influence of EDDS and EDTA on the 378 
uptake of heavy metals of Cd and Cu from soil with tobacco Nicotiana tabacum. Chemosphere 68, 379 
345-353. 380 
Fitz, W.J., Wenzel, W.W., 2002. Arsenic transformations in the soil-rhizosphere-plant system: 381 
Fundamentals and potential application to phytoremediation. J. Biotechnol. 99, 259-278. 382 
Goldberg, S., 2002. Competitive adsorption of arsenate and arsenite on oxides and clay minerals. Soil Sci. 383 
Soc. Am. J. 66, 413-421. 384 
Guerinot, M.L., Yi, Y., 1994. Iron: Nutritious, noxious, and not readily available. Plant Physiol. 104, 815-385 
820. 386 
Hasegawa, H., Rahman, M.A., Saitoh, K., Ueda, K., 2010. Effect of biodegradable chelating ligand on iron 387 
bioavailability and radish growth. J. Plant Nutr. 33, 933-942. 388 
Hasegawa, H., Rahman, M.A., Saitou, K., Kobayashi, M., Okumura, C., 2011. Influence of chelating 389 
ligands on bioavailability and mobility of iron in plant growth media and their effect on radish 390 
growth. Environ. Exp. Bot. 71, 345-351. 391 
Hernández-Allica, J., Garbisu, C., Barrutia, O., Becerril, J.M., 2007. EDTA-induced heavy metal 392 
accumulation and phytotoxicity in cardoon plants. Environ. Exp. Bot. 60, 26-32. 393 
Hernandez-Apaolaza, L., Garate, A., Lucena, J.J., 1995. Efficacy of commercial Fe(III)-EDDHA and 394 
Fe(III)-EDDHMA chelates to supply iron to sunflower and corn seedlings. J. Plant Nutr. 18, 1209-395 
1223. 396 
 18 | P a g e  
 
Hossain, M.F., 2006. Arsenic contamination in Bangladesh- An overview. Agr. Ecosyst. Environ. 113, 1-397 
16. 398 
Lafferty, B.J., Loeppert, R.H., 2005. Methyl arsenic adsorption and desorption behavior on iron oxides. 399 
Environ. Sci. Technol. 39, 2120-2127. 400 
Lestan, D., Luo, C.-l., Li, X.-d., 2008. The use of chelating agents in the remediation of metal-401 
contaminated soils: A review. Environ. Pollut. 153, 3-13. 402 
Liu, W.J., Zhu, Y.G., Smith, F.A., Smith, S.E., 2004a. Do iron plaque and genotypes affect arsenate uptake 403 
and translocation by rice seedlings (Oryza sativa L.) grown in solution culture? J. Exp. Bot. 55, 404 
1707-1713. 405 
Liu, W.J., Zhu, Y.G., Smith, F.A., Smith, S.E., 2004b. Do phosphorus nutrition and iron plaque alter 406 
arsenate (As) uptake by rice seedlings in hydroponic culture? New Phytol. 162, 481-488. 407 
Lucena, J.J., 2003. Fe Chelates for remediation of Fe chlorosis in strategy I plants. J. Plant Nutr. 26, 1969 - 408 
1984. 409 
Lucena, J.J., 2006. Synthetic iron chelates to correct iron deficiency in plants. in: Barton, L.L., Abadía, J. 410 
(Eds.). Iron Nutrition in Plants and Rhizospheric Microorganisms. Springer, Netherlands, pp. 103-411 
128. 412 
Luo, C., Shen, Z., Li, X., 2005. Enhanced phytoextraction of Cu, Pb, Zn and Cd with EDTA and EDDS. 413 
Chemosphere 59, 1-11. 414 
Meers, E., Ruttens, A., Hopgood, M.J., Samson, D., Tack, F.M.G., 2005. Comparison of EDTA and EDDS 415 
as potential soil amendments for enhanced phytoextraction of heavy metals. Chemosphere 58, 416 
1011-1022. 417 
Meharg, A.A., 2004. Arsenic in rice - Understanding a new disaster for South-East Asia. Trends Plant Sci. 418 
9, 415-417. 419 
Meharg, A.A., Jardine, L., 2003. Arsenite transport into paddy rice (Oryza sativa) roots. New Phytol. 157, 420 
39-44. 421 
Murashige, T., Skoog, F., 1962. A revised medium for rapid growth and bio assays with tobacco tissue 422 
cultures. Physiol. Plant. 15, 473-497. 423 
Nowack, B., Sigg, L., 1997. Dissolution of Fe(III) (hydr) oxides by metal-EDTA complexes. Geochim. 424 
Cosmochim. Ac. 61, 951-963. 425 
Nowack, B., Lutzenkirchen, J., Behra, P., Sigg, L., 1996. Modeling the adsorption of metal-EDTA 426 
complexes onto oxides. Environ. Sci. Technol. 30, 2397-2405. 427 
 19 | P a g e  
 
Odanaka, Y., Tsuchiya, N., Matano, O., Goto, S., 1987. Absorption, translocation and metabolism of the 428 
arsenical fungicides, iron methanearsonate and ammonium iron methanearsonate, in rice plants. J. 429 
Pestic. Sci. 12, 199-208. 430 
Pestana, M., de Varennes, A., Faria, E.A., 2003. Diagnosis and correction of iron chlorosis in fruit trees: a 431 
review. J. Food Agric. Env. 1, 46-51. 432 
Pierce, M.L., Moore, C.B., 1982. Adsorption of arsenite and arsenate on amorphous iron hydroxide. Water 433 
Res. 16, 1247-1253. 434 
Rahman, M.A., Hasegawa, H., Ueda, K., Maki, T., Rahman, M.M., 2008a. Influence of chelating ligands 435 
on arsenic uptake by hydroponically grown rice seedlings (Oryza sativa L.): A preliminary study. 436 
CLEAN Soil Air Water 36, 521-527. 437 
Rahman, M.A., Hasegawa, H., Ueda, K., Maki, T., Rahman, M.M., 2008b. Influence of phosphate and iron 438 
ions in selective uptake of arsenic species by water fern (Salvinia natans L.). Chem. Eng. J. 145, 439 
179-184. 440 
Rahman, M.A., Hasegawa, H., Ueda, K., Maki, T., Rahman, M.M., 2008c. Influence of EDTA and 441 
chemical species on arsenic accumulation in Spirodela polyrhiza L. (duckweed). Ecotoxicol. 442 
Environ. Saf. 70, 311-318. 443 
Rahman, M.A., Hasegawa, H., Kadohashi, K., Maki, T., Ueda, K., 2009. Hydroxyiminodisuccinic acid 444 
(HIDS): A novel biodegradable chelating ligand for the increase of iron bioavailability and arsenic 445 
phytoextraction. Chemosphere 77, 207-213. 446 
Robinson, B., Kim, N., Marchetti, M., Moni, C., Schroeter, L., van den Dijssel, C., Milne, G., Clothier, B., 447 
2006. Arsenic hyperaccumulation by aquatic macrophytes in the Taupo Volcanic Zone, New 448 
Zealand. Environ. Exp. Bot. 58, 206-215. 449 
Romheld, V., Marschner, H., 1986. Evidence for a specific uptake system for iron phytosiderophores in 450 
roots of grasses. Plant Physiol. 80, 175-180. 451 
Taylor, G.J., Crowder, A.A., 1983. Use of DCB technique for extraction of hydrous iron oxides from roots 452 
of wetland plants. Am. J. Bot. 70, 1254-1257. 453 
Wang, F.-M., Chen, Z.-L., Zhang, L., Gao, Y.-L., Sun, Y.-X., 2006. Arsenic uptake and accumulation in 454 
rice (Oryza sativa L.) at different growth stages following soil incorporation of roxarsone and 455 
arsanilic acid. Plant Soil 285, 359-367. 456 
Wilkie, J.A., Hering, J.G., 1996. Adsorption of arsenic onto hydrous ferric oxide: Effects of 457 
adsorbate/adsorbent ratios and co-occurring solutes. Colloid Surface A 107, 97-110. 458 
 20 | P a g e  
 
Williams, P.N., Islam, M.R., Adomako, E.E., Raab, A., Hossain, S.A., Zhu, Y.G., Feldmann, J., Meharg, 459 
A.A., 2006. Increase in rice grain arsenic for regions of Bangladesh irrigating paddies with 460 
elevated arsenic in groundwaters. Environ. Sci. Technol. 40, 4903-4908. 461 
Zhao, F.J., Ma, J.F., Meharg, A.A., McGrath, S.P., 2009. Arsenic uptake and metabolism in plants. New 462 
Phytol. 181, 777-794. 463 
 464 
 465 
 466 
 467 
 468 
 469 
 470 
 471 
 472 
 473 
 474 
 475 
 476 
 477 
 478 
 479 
 480 
 481 
 482 
 483 
 484 
 485 
 486 
 487 
 488 
 489 
 21 | P a g e  
 
Figure captions 490 
Fig. 1: Influence of chelating ligands and additional iron (in addition to its background 491 
concentration in the soil) on arsenic uptake in roots (A, B) and shoots (C, D) of rice 492 
seedlings. Control treatments were contained only arsenic but no chelating ligands and 493 
additional iron. Values are mean ± standard deviation (N = 3). In a figure, values having 494 
same letter don’t differ significantly from each other at 5% level by DMRT. 495 
 496 
Fig. 2: Influence of chelating ligands, additional iron (in addition to its background concentration 497 
in the soil) and arsenic species on iron uptake in rice roots. Without arsenic (A); arsenate 498 
(B, C) and DMAA (D, E). Control treatments did not contain additional iron and chelating 499 
ligands. Values are mean ± standard deviation (N = 3). In a figure, values having same 500 
letter don’t differ significantly from each other at 5% level by DMRT. 501 
 502 
Fig. 3: Correlation between iron concentrations in roots and on root surfaces of rice seedlings 503 
grown with different treatments of arsenate, additional iron and chelating ligands. 504 
 505 
Fig. 4: Correlation between arsenic and iron concentrations in roots (A, C) and shoots (B, D) of 506 
rice seedlings. Arsenate (A, B) and DMAA (C, D). CL (chelating ligand). 507 
 508 
Fig. 5: Influence of chelating ligands, additional iron (in addition to its background concentration 509 
in the soil) and arsenic species on iron uptake in rice shoots. Without arsenic (A); arsenate 510 
(B, C) and DMAA (D, E). Control treatments did not contain additional iron and chelating 511 
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ligands. Values are mean ± standard deviation (N = 3). In a figure, values having same 512 
letter don’t differ significantly from each other at 5% level by DMRT. 513 
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Table 1: Instrumental and working conditions for the determination of arsenic and iron by Perkin 535 
Elmer Zeeman-effect GFAAS (Model- AAnalyst 600) equipped with a transverse heated 536 
graphite atomizer (THGA). 537 
For arsenic (As)      
Lamp Electrodeless discharge lamp (EDL)   
Lamp current 380 mA   
Wavelength 193.7 nm     
Slit width 0.7 nm     
Furnace program settings Drying 1 Drying 2 Pyrolysis Atomization Cleaning 
Temperature (ºC) 110 130 1200 2000 2450 
Ramp time (s) 1 15 10 0 1 
Holding time (s) 30 30 20 5 3 
Argon flow rate 
(cm3 min−1) 250 250 250 0 250 
For iron (Fe)      
Lamp Hollow cathode lamp   
Lamp current 30 mA     
Wavelength 248.3 nm     
Slit width 0.2 nm     
Furnace program settings Drying 1 Drying 2 Pyrolysis 1 Atomization Cleaning 
Temperature (ºC) 110 130 1400 2100 2450 
Ramp time (s) 1 15 10 0 1 
Holding time (s) 30 30 20 5 3 
Argon flow rate 
(cm3 min−1) 250 250 250 0 250 
 538 
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Fig. 1: Influence of chelating ligands and additional iron (in addition to its background 540 
concentration in the soil) on arsenic uptake in roots (A, B) and shoots (C, D) of rice 541 
seedlings. Control treatments were contained only arsenic but no chelating ligands and 542 
additional iron. Values are mean ± standard deviation (N = 3). In a figure, values having 543 
same letter don’t differ significantly from each other at 5% level by DMRT. 544 
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 551 
Fig. 2: Influence of chelating ligands, additional iron (in addition to its background concentration 552 
in the soil) and arsenic species on iron uptake in rice roots. Without arsenic (A); arsenate 553 
(B, C) and DMAA (D, E). Control treatments did not contain additional iron and chelating 554 
ligands. Values are mean ± standard deviation (N = 3). In a figure, values having same 555 
letter don’t differ significantly from each other at 5% level by DMRT. 556 
 557 
 558 
 559 
 560 
 561 
 562 
 26 | P a g e  
 
R² = 0.7027
5
10
15
20
25
30
50 75 100 125 150 175 200
Fe
 c
on
. o
n 
ro
ot
 s
ur
fa
ce
 (n
m
ol
 g
-1
d.
 w
t.)
Fe con. in root (nmol g-1 d. wt.)
 563 
Fig. 3: Correlation between iron concentrations in roots and on root surfaces of rice seedlings 564 
grown with different treatments of arsenate, additional iron and chelating ligands. 565 
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Fig. 4: Correlation between arsenic and iron concentrations in roots (A, C) and shoots (B, D) of 577 
rice seedlings. Arsenate (A, B) and DMAA (C, D). CL (chelating ligand). 578 
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 584 
Fig. 5: Influence of chelating ligands, additional iron (in addition to its background concentration 585 
in the soil) and arsenic species on iron uptake in rice shoots. Without arsenic (A); arsenate 586 
(B, C) and DMAA (D, E). Control treatments did not contain additional iron and chelating 587 
ligands. Values are mean ± standard deviation (N = 3). In a figure, values having same 588 
letter don’t differ significantly from each other at 5% level by DMRT. 589 
